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Abstract  
The complex and highly heterogeneous internal architecture of deltaic reservoirs plays a major role in controlling fluid-flow 
and recovery during waterflooding. However standard reservoir modelling techniques often fail to capture fine scale 
heterogeneities, especially clinoforms, although those structures might act as barriers to fluid-flow when covered by mudstones 
or calcite cements. This study uses outcrop data from the Ferron Sandstone to provide a high resolution 3D model of a delta 
lobe, in which clinoforms surfaces are implemented using a numerical algorithm. This allows us to investigate and quantify the 
impact of heterogeneities associated both with facies permeability and clinoforms. 
The work is performed in two parts, beginning with an essential evaluation of the grid created, which is characterised by 
a high number of pinched out cells. This part of the report investigates numerical artefacts generated using a complex grid and 
provides estimates of uncertainties generated on recovery factor, time to water breakthrough, and water cut. A simple 
experimental design approach is then used to organise dynamic flow simulations and compare the production behaviour of a 
range of models. 
We show that in the absence of impermeable barriers on the clinoforms, these structures have negligible impact on flow 
and reservoirs models honouring only the parasequence and facies boundaries provide good estimates. In this case, the main 
factors that help achieve a higher recovery factor have similar influence, such as lower injection and production rates, and 
higher absolute permeability of proximal and distal delta-front facies. When clinoforms are covered by a 90% mudstone 
barrier, they modify the production profile, cause a lack of pressure support to the producers and yield very low sweep 
efficiency. Barriers isolate clinothems from each other, forcing the flow to follow a tortuous path, which makes these models 
highly sensitive to injection and production rates, and to the absolute permeability of the proximal delta-front facies. 
 
Introduction 
Deltaic reservoirs, which contain almost 30% of the global oil and gas reserves (Tyler and Finley, 1991), are classified into 
three main types, depending on the dominant process at the shoreline: fluvial-dominated, wave-dominated and tidal-dominated 
(Rich, 1951). Fluvial-dominated deltaic reservoirs are for instance encountered in the Wasia formation in Saudi Arabia (e.g. 
Tonellot et al., 2009), in the Eocene through Miocene strata of south Texas, Louisiana and North of Gulf of Mexico (e.g. Fisher 
et al. 1969; Deveugle et al. 2011), in the Triassic Ivishak Formation in the Prudhoe Bay field in Alaska (e.g. Begg et al. 1992), 
or in the Miocene-Pliocene sediments of the paleo-Amur River in the Sakhalin region, in eastern Russia (e.g. Davies et al., 
2005). 
These reservoirs are characterized by a complex and highly heterogeneous internal architecture (Begg et al., 1992; 
Bhattacharya and Walker, 1992; Ainsworth et al., 1999), due to the stacking pattern of single or multiple parasequences, 
typically juxtaposed with other types of sandbodies (Sech et al., 2009). Within each parasequence, four facies associations have 
been identified; these facies are associated with major contrasts in reservoir properties such as permeability and porosity 
(Wellner et al., 2005; Deveugle et al., 2011), and hence have a major role in controlling the fluid-flow during production 
(Jackson et al., 2009). Within the parasequences, heterogeneities are present at a smaller scale, for instance with the presence 
of clinoforms (Bhattacharya and Walker, 1992; Howell et al., 2008), which also complicates the description of the flowing 
potential of those rocks, especially in the presence of facies-interfingering (Gani and Bhattacharya, 2005; Enge et al., 2010), or 
mudstone deposited during quieter periods interbedding with good quality sand (Enge et al., 2010). The lack of simple 
modelling techniques to honour this high level of heterogeneity causes fluvial-dominated reservoirs to be often modelled in a 
simplistic way, for instance with layer cake models, that do not honour their complex internal structure (Gani and Battacharya, 
2005). 
While recent high quality data surveys allowed the precise mapping of different parasequences of fluvial-dominated 
shallow-marine deposits (e.g. Deveugle et al., 2011) as well as capturing clinoform surfaces (e.g. Forster et al., 2004, Enge and 
Howell, 2010), the impact of geological heterogeneities on flow has rarely been investigated in detailed 3-D simulations. 
Moreover, when such studies are available, they typically do not include clinoforms in dynamic models, because these surfaces 
are often not identified in well data, and their 3D geometry is not well constrained (Howell et al. 2008). Thereby, 
heterogeneities in fluvial-dominated deltaic deposits were focussed on by Deveugle et al. (2011), who investigated the effects 
of sand-body connectivity, sweep direction and well spacing on the sweep efficiency during water flooding; Choi et al. (2011) 
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studied the impact of channel-related heterogeneities (interlayer connectivity, channel sinuosity, stacking, dimensions, and 
orientation) on flow in gas–oil and water–oil displacements in channel-dominated, fluvio-deltaic environment, but clinoforms 
were absent of both of these works, that focussed on heterogeneities at a larger scale. Enge et al. (2010) modelled clinoforms to 
look into their impact on production when they are covered by different percentages of mudstone barrier, but this work lacks a 
quality check of the numerical grid used; furthermore only the impact of clinoforms is investigated, and not the combination of 
clinoforms with other facies-related heterogeneities; moreover this study was carried out on a very small model. Finally, 
Jackson et al. (2009) carried out a 3D dynamic simulation and an analysis of the impact of clinoforms and associated 
heterogeneities on oil production for a wave-dominated, shoreface-shelf reservoir; yet wave-dominated and fluvial-dominated 
environments are very different (e.g. clinoforms dip very gently in wave-dominated deposits: 0.01° to 2° (Hampson et al., 
2008; Sech et al., 2009; Jackson et al., 2009), while fluvial-dominated deposited clinoforms would typically present a 4° dip 
(Enge et al., 2010)). The present work aims at providing similar results for the case of fluvial-dominated, shallow-marine 
reservoirs. This will allow quantitative assessment of the impact of geological heterogeneities, associated with both 
uncertainties on the facies properties as well as with the presence of clinoforms, on flow during water flooding. Such a study 
will permit comparison of reservoir performances in different types of shallow-marine systems. 
The objectives of this work are (1) to build a high resolution 3D numerical model of a portion of a fluvial-dominated 
deltaic reservoir analogue honouring both facies architecture and clinoform surfaces, (2) to assess the accuracy of this model, 
and investigate numerical artefacts generated in flow simulations in the presence of steeply dipping surfaces, (3) to understand 
and quantify the effects of variability in facies properties and of the presence of clinoforms on hydrocarbon production. This 
study will focus on a parasequence in the Ivie Creek area of the Ferron Sandstone outcrop located in East-Central Utah; we use 
high resolution 3D models of parasequence 1.6, as interpreted by Deveugle et al. (2010), in which clinoforms are implemented 
using spacing and geometry data from Forster et al. (2004) and Enge and Howell (2010). This will allow various dynamic flow 
simulations to be performed using a simple experimental design approach, so that differences in production behaviour can be 
identified, and the impacts of geological heterogeneity on fluid-flow during waterflooding can be quantified. 
 
Description of the models 
Geological model of shallow-marine fluvial-deltaic sandstone 
High resolution outcrop data for this work (photopanoramas, geological interpretation) was obtained from the well-exposed 
analogue delta deposits from the Ferron Sandstone Member of Mancos Shale located in east-central Utah (e.g. Ryer, 1991; 
Ryer and Anderson, 2004; Deveugle et al., 2011). This unit was deposited during the late Cretaceous on the western margin of 
the Western Interior seaway (e.g. Gardner et al., 1995; Deveugle et al., 2011). The Ferron Sandstone Member records the 
progradation of the “Last Chance” delta from southwest (paleolandward) to northeast (paleoseaward) (Anderson and Ryer, 
2004). Figure 1-c shows the advance of shallow-marine sandstone tongues into the offshore portion of the Western Interior 
seaway (Ryer, 1991; Anderson and Ryer, 2004). Each of these tongues represents a delta lobe (Anderson and Ryer, 2004; 
Deveugle et al., 2011), as shown in Figure 2. A parasequence modelled by Deveugle et al (2001) contains one to two delta 
lobes, and several parasequences makes up a “parasequence set”. Deveugle et al. (2011) studied parasequences sets 1 and 2, 
that record the deposition of fluvial-dominated delta fronts with low-to-moderate wave influence (Ryer and Anderson, 2004; 
Deveugle et al., 2011), and crop out at Ivie Creek (Figure 1-a). In this model, a delta lobe is represented as a paleoseaward 
inclined drop-shaped volume with the facies associations seen on Figure 2 and described in Table 1. 
This work will focus on a part of parasequence 1.6 (Figure 1-b), using the nomenclature of Deveugle et al. (2011). This 
parasequence makes up part of parasequence set 1 and corresponds to parasequence Kf-1-Ivie Creek-b in Anderson and Ryer 
(2004), or PS 1h in Garrison and van den Bergh (2004).  
 
 
 
Figure 1 a) Location map of the Ivie Creek outcrop (modified after Ryer 1991; Anderson and Ryer 2004; Graham et al. 2011) 
b)  Map of parasequence 1.6 and associated facies (modified after Deveugle et al. 2011) 
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Figure 1 c) Schematic cross section through the two lower shallow-marine tongues of the Ferron Sandstone Member  
(modified after Garrison and Van Den Bergh 2004; Deveugle et al. 2011) 
 
 
 
 
 
Figure 2 Schematic of delta-
lobe and facies-association-
belt geometry (modified 
after Deveugle et al. 2011). 
In the area modelled, only 
three facies are present: 
stream mouth bar, proximal 
delta front and distal delta 
front. 
 
 
Table 1 Facies-association scheme in parasequence set 1 (modified after Deveugle et al. 2011) 
Facies 
Association 
Lithology and Sedimentary 
Structures 
Interpretation Proportion Porosity Permeability 
Stream–
mouth bar 
sandstones 
(SMB) 
Thick (2–10 m), sharp-
based, trough cross-bedded, 
medium-grained sandstones 
in bodies with mounded or 
composite mound-and-
channel geometry. 
Bioturbation absent. 
Migration of subaqueous, sinuous-
crested dunes caused by 
unidirectional currents. 
Dunes migrated over the mounded 
surface of a bar or mound-to-
channel transition at the mouth of a 
shallow channel 
ca. 55% of 
volume 
 
Mean 
φ : 28% 
 
 
 
Mean 
kh: 1793 mD 
kv/kh: 0.9 
 
 
Proximal 
delta-front 
sandstones 
(PDF) 
Amalgamated, sharp-based 
beds of finegrained 
sandstone (10–100 cm thick) 
with rare mudstone  
interbeds. 
Parallel lamination, current-
ripple crosslamination, and 
rare hummocky cross-
stratification in sandstones.  
Bioturbation sparse or absent 
Sandstone beds deposited 
episodically from sediment gravity 
fluid flow, with minor reworking by 
storm-generated waves.  
Scarcity of mudstone  interbeds 
indicates deposition close to deltaic 
distributary mouth 
ca. 30% of 
volume 
Mean 
φ : 27% 
 
 
 
Mean 
kh: 433 mD 
kv/kh: 0.75 
 
 
Distal delta-
front 
heteroliths 
(DDF) 
Thin (<50 cm), sharp-based 
beds of siltstone and very 
fine to fine-grained 
sandstone with mudstone  
interbeds. 
Parallel-laminated bed bases 
grade into wave- and 
current-rippled tops. 
Sparse, low-diversity 
bioturbation 
Mudstone  and siltstone interbeds 
deposited from suspension; 
sandstone beds deposited 
episodically from sediment gravity 
fluid flow generated by river flood 
events. 
Minor wave reworking. Abundance 
of mudstone  interbeds indicates 
distal setting 
ca. 15% of 
volume 
 
Mean 
φ : 18% 
 
 
Mean 
kh: 71 mD 
kv/kh: 0–0.1 
 
 
In the shallow-marine environment, clinoforms represent the progradation of the delta-front. They are seaward-dipping 
surfaces, as in schematics of Figure 3-A. Two clinoforms bound a volume called clinothem (Rich, 1951); within each 
clinothem, the vertical and horizontal ordering of facies is observed from stream-mouth bar to distal delta-front, as in Figure 2 
and Table 1. Figure 3-B shows some clinoforms of parasequence 1.6. In wave-dominated shallow-marine reservoirs, Jackson et 
c 
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al. (2009) showed clinoforms can introduce important modifications on the oil and water fluid flow, in particular when 
mudstone barriers are deposited on these surfaces. In fluvial-dominated shallow-marine environment, it is also expected that 
clinoforms have a major impact on flow, and they will hence be included in our model. 
 
 
Figure 3 
a) Schematic of 
clinoform 
building when 
the delta front 
progrades (after 
Howell et al. 
2008) 
b)Representation 
of some 
clinoforms on a 
photopanorama 
of a 
parasequence of 
Ivie Creek (after 
Graham et al. 
2011) 
  
 
Simulation model construction 
The outcrop model used in this study has been adapted from Deveugle et al. (2011). The key stratigraphic surfaces were 
mapped by Deveugle et al. (2011) using outcrop data collected with a handheld global positioning system (GPS), 
photopanoramas, and wireline-log and core data, which achieved very high horizontal and vertical accuracies (respectively 
10 and 1m, 33 and 3 ft). The availability of high resolution 3D models is a key point to provide accurate simulation results of 
oil recovery and water cut. The numerical model was built following a surface-based modeling approach as described by Sech 
et al. (2009). Our model differentiates from Deveugle et al.’s (2011) by the fact that we include clinoform surfaces; this was 
done using a numerical algorithm (Graham et al. 2011) to generate multiple clinoforms surfaces in a volume defined by two 
bounding surfaces. In our study, the top and base of parasequence 1.6 interpreted by Deveugle et al. (2011) were used to 
generate clinoforms in PS 1.6. Given the time-scale of this project, it was not possible to carry out a new survey of the 
clinoforms, so geometry and spacing of the clinoforms was compiled from data of Forster et al. (2004) and Enge and Howell 
(2010). The creation of the numerical model followed the following steps: 
1. The flooding surfaces defined by the upper and lower boundaries of parasequence 1.6, as per Deveugle et al. (2011) 
were mapped in three dimensions. All the models were created on a standard commercial surface modelling software (RMS 
2010.1.1). 
2. Facies-association boundaries were then mapped based on the previously described conceptual geologic model of 
delta-lobes (Deveugle et al. 2011). 
3. 3D clinoform surfaces were generated numerically using an algorithm developed by Graham et al. (2011) with data 
inputs collected from Forster et al. (2004) and Enge and Howell (2010) and modelled together with the surfaces previously 
mapped. 
4. A corner point grid was generated based on the surfaces of parasequence boundaries, facies boundaries surfaces and 
clinoform surfaces. As shown in Figure 7-a), each volume located between two clinoforms, and possibly cut by facies or 
parasequence boundaries, defines a zone. In each zone, the grid builds up from the base clinoform and truncates against facies 
and parasequence boundaries. The grid comprises circa 5 million cells, from which 140,000 (2.6%) are active. Grid cells are 
19m × 19 m (65 × 65 ft) in area, and their thickness is variable, because numerous cells truncate and are pinched-out. The cell 
thickness never exceeds 0.15 m (0.5 ft) to preserve the high resolution of the model. 
As a result, the model constructed captures part of parasequence 1.6, as seen on Figure 1-C. This represents a 
rectangular area of 750 m (WE, X-axis) × 3000 m (NS, Y-axis). The distance between the highest and lowest point of the 
model is circa 30m, but its maximum thickness is around 10m, which corresponds to a 2
o
 dip. The captured parasequence 
describes a single delta-lobe, and contains only three sandstone-facies associations: stream–mouth bar, proximal and distal 
delta front, which are described in Figure 1, Figure 2 and Table 1. Thirty-one clinoforms are depicted in this model. Due to the 
surface-based modelling approach, as described by Sech et al. (2009), this model honours the geometry of parasequence top 
and base boundaries, facies boundaries, and clinoform surfaces. 
 
Modelling of mudstone barriers along clinoforms: Clinoforms can have calcite cementation or mudstone deposits which can 
form barriers or baffles to flow and generate tortuous flow pathways (Howell et al., 2008; Jackson et al., 2009). It was shown 
in previous studies that clinoforms have a major impact on fluid-flow when more than 90% of the clinoform surface is 
a 
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cemented. (Enge et al. 2009, Jackson et al. 2009) To investigate this heterogeneity, a variant of the previous model, with 90% 
mudstone barrier coverage, was created. Those barriers were defined as a zero transmissibility multiplier affecting part of the 
clinoform surfaces, and were represented as circular bodies (in plan view) as in Jackson et al.’s paper (2009). 
There is almost no published quantitative data to confirm the degree of barrier coverage and the shape of the cemented 
bodies (Howell et al., 2008), we considered probable that the mudstone deposited mostly towards the lower part of the 
clinoforms. So the mudstone barriers should not be implemented randomly, but affect mostly the paleoposition of the bottom 
of the clinoforms. For this, the SMB facies was used as a guide, since it was located at the top of the clinoforms when they 
were created. The portion of the clinoforms that were not affected by mudstone barriers was modelled with a distribution, with 
the highest intensity being located on the SMB, and a trend distributing the property along the clinoform belt. On Figure 4 can 
be seen a representation of the SMB facies and two clinoforms as example; the grey cells are affected by mudstone barriers 
(zero transmissibility), while the transmissibility of orange cells is not affected. In this report, we will call this distribution of 
mudstone barriers “trend distribution”, as opposed to a “random distribution”, where barriers are represented by circular bodies 
with zero vertical transmissibility distributed randomly on the clinoform. 
 
 
Figure 4  3D representation of the trend distribution applied to 
depict mudstone barrier on clinoforms. 
The colored surface describes the SMB facies boundary, that 
was used as a guide to implement the mudstone barriers on the 
clinoforms. Two clinoform surfaces (number 10 and 18) are 
depicted as example. They both are one layer of cells thick. The 
mudstone barriers were implemented by affecting zero-
transmissibility barriers to some of the cells building the 
clinoforms; such cells are depicted in grey on this picture. Non-
affected cells are depicted in orange, and mostly located 
towards the SMB facies. This distribution of the barriers is a 
result of the trend that was used to implement the barriers 
mostly towards the lower part of the clinoform, that 
corresponds to pDF and dDF facies. 
The irregular geometry of the clinoforms is due to tectonic 
deformations and visible because of the important vertical 
exaggeration. The paleoposition position of the bottom of the 
clinoforms is no longer the deepest part of the clinoform. 
 
Simulation parameters 
The study will simulate production in Schlumberger’s ECLIPSE 100 software. This will be performed in two stages; the first 
stage consists in the comparison of the grid created with grids omitting clinoforms to look into the generation of numerical 
artefacts. Only after this step, the main set of experiments will be carried out with the “clinoform grid”, to investigate the 
influence of heterogeneities on oil production. The parameters are the same for these both studies and are described below. 
 
Rock and Fluid properties 
Table 2 Rock and fluid properties (Jackson et al. 2009) 
Fluid 
properties 
Viscosity µw=0.3 (cP) µo=0.7 (cP) 
Density ρw=950 (kg/m
3
) ρo=650 (kg/m
3
) 
Compressibility cw=10
-5
 (1/bars) co=10
-4
 (1/bars) 
Formation volume factor Bw=1 (rm
3
/sm
3
) Bo= 1.00000009 (rm
3
/sm
3
) 
Rock properties Rock compressibility cr=10
-12
 (1/bars) 
 
To compare our results with those obtained for a wave-dominated parasequence, fluid properties and rock 
compressibility were taken as in Jackson et al. (2009) and Obembe et al. (2009). (We consider that the porosity and 
permeability of the upper shore-face are similar to those of the stream mouth bar, the proximal lower shoreface has similar 
porosity and permeability than the proximal delta front, and the distal lower shore face has similar porosity and permeability 
than the distal delta front.) The initial pressure datum is 100 bars at the highest point of the model and is typical for North Sea 
oil fields. The reservoir fluid is dead oil. OWC is set 750m below the deepest point of the model, so there is no water zone. In 
the oil zone, water saturation is initially 0.2. 
Each facies is assigned constant permeability and porosity values. This is a simplistic model that does not depict the 
variation of petrophysical properties within the facies, but is justified by the need to build a simple model of the facies in order 
to focus on the role of the clinoforms, as well as by the fact that in shallow-marine deltaic environment, facies are characterized 
by important contrast in their petrophysical properties (Jackson et al. 2009). Two sets of properties are used along our study. 
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(i) The first set of simulations, comparing models including or not clinoforms, will be performed using petrophysical 
properties of an analog fluvial/deltaic reservoir (South Timbalier 26 field, Gulf of Mexico; Farrell and Abreu, 2006; 
Deveugle et al., 2009) quoted in Table 1 and Table 3. 
(ii) The second part of the work aims at providing results to be compared to Obembe et al.’s (2009) obtained for wave-
dominated environment. We will thus use the same petrophysical properties, given in Table 3 below, and that were derived 
from Jackson et al (2009). Although they depict wave-dominated deposits, the order of magnitude of those properties is 
coherent with those described by Deveugle et al. (2011) for fluvial-deltaic deposits (Table 1). 
 
Table 3 Porosity and permeability of the three facies as per Obembe et al. (2009) and Deveugle et al. (2011). When parameters have 
two levels for the experimental design, both values are quoted; this depicts uncertainty on the property. 
Stream-mouth bar Proximal delta front Distal delta front 
derived 
from 
Deveugle et 
al. (2011) 
Obembe et 
al. (2009) 
derived 
from 
Deveugle et 
al. (2011) 
Obembe et 
al. (2009) 
derived 
from 
Deveugle et 
al. (2011) 
Obembe et 
al. (2009) 
used for 
(i) QC and grids 
comparison 
  (ii) study of 
heterogeneitites 
used for 
(i) QC and grids 
comparison 
 (ii) study of 
heterogeneitites 
used for 
(i) QC and grids 
comparison 
  (ii) study of 
heterogeneitites 
Porosity 0.28 0.27 Porosity 0.27 0.24 Porosity 0.18 0.20 
Kh 1793 mD 2000 mD Kh 433 mD 
50 mD – 500 
mD 
Kh 71 mD 
5 mD – 25 
mD 
Kv/Kh 0.9 1 Kv/Kh 0.75 0.01 – 0.5 Kv/Kh 0.1 
0.0001 – 
0.01 
 
The relative permeability curves are the same in each facies; they are typical of reservoirs of the North Sea, and given in 
Figure 5 (Jackson et al. 2009). Capillary pressure (when included, see section about experimental design further down) is 
assigned depending on the facies and its horizontal permeability and was taken from Obembe et al. (2009) (Figure 6).  
 
 
Figure 5 Oil and water relative permeability (Jackson et al. 2009) Figure 6 Capillary pressure data (Obembe et al. 2009) 
 
Production controls 
Production during water flooding will be simulated with a line drive of 4 injectors and 6 producers. The wells are equally 
spaced, with the injectors on the western and the producers on the eastern edge of the model. Given the internal structure of our 
model, this corresponds to injection up depositional dip. 
Production controls are summarized in Table 4. Production and injection targets were set as group targets, and designed 
in order to reach a recovery factor of 50% at the end of the production time; two settings were considered in the experimental 
design: 10 years of production, which yields group rates of 350sm
3
/d (2200 sbbl/d) for oil and water, or 20 years of production, 
which yields 175sm
3
/d (1100 sbbl/d) group rates. These rates are quite low due to the small size of our model, but are 
consistent with the work of Obembe et al. (2009) (same number of pore volumes produced and injected). 
 
 
 
Table 4 Production targets and constraints 
Targets           Level 
Production 
group rate 
   350 sm
3
/d (2200 sbbl/d) of oil for 10 years 
or 175 sm
3
/d (1100 sbbl/d)  of oil for 20 years 
Injection 
group rate 
   350 sm
3
/d (2200 sbbl/d) of water for 10 years 
or 175 sm
3
/d (1100 sbbl/d) of water for 20 years 
Constraints           Level 
Maximal Injector BHP 150 bars (2175 psi) 
Minimal Producer BHP  50 bars (725 psi) 
Maximal liquid flow rate 
per well 
1589 sm
3
/d (10,000 
sbbl/d) 
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To make the simulation realistic, the wells are submitted to a BHP control (Table 4), to prevent the fracture pressure of the 
rock in the injectors, and to maintain the reservoir pressure in the producers. As a last point, wells are assigned a maximum 
liquid flow rate (oil and water), which is imposed by the tubing size, but should not limit the production, given the small rate 
targets. 
 
Quality check of the grid 
This work emphasizes the need to assess the quality of a numerical grid before using it for flow simulations. The original grid 
created, called “clinoform grid”, has a high number of pinched out cells, which might cause numerical errors in the simulator. 
 
Methodology 
To investigate whether our grid introduces numerical artefacts, we compared its results to those given by other models of the 
same parasequence made with different gridding techniques. 4 new grids were produced for this purpose, yielding the same oil 
in place volume, and will be tested together with the “clinoform grid”. Figure 7 a) b) c) d) and e) present schematics of all the 
grids used and Table 5 summarizes their properties. The oil in place volume is 1400000m3 for isotropic models and 120000m3 
for models with different facies (because some facies have lower porosity) (Appendix B-1 and B-2). 
 
a) GRID 1 
 
b) GRID 2 
 
 
c) GRID 3 
 
d) GRID 4 
 
e) GRID 5 
 
Figure 7 Schematics of the grids used in the study 
a) Grid 1 (“Clinoform grid”) used in model QC and in the 
study of heterogeneities impacts 
b) Grid 2 (Simple cornerpoint grid) used in model QC 
c) Grid 3 (Facies-honouring grid) used in model QC 
d) Grid 4 (3D regular grid) used in model QC 
e) Grid 5 (Proportional grid) used in model QC 
For simulations with uniform properties, Grid 5 can be 
considered as the most reliable. For simulations with facies 
properties, only Grids 1 and 3 are suitable, and Grid 3 can be 
considered as the most reliable.  
 
The quality-check was performed in two stages, followed by a simulation to show the impact of mud barriers on production. 
1. As done by Sech et al. (2009), we first used a very simple property set: an isotropic and uniform model. Hence, any 
irregularities in the results are related to errors in the flow simulation using a complex grid geometry. The properties used are 
derived from those given by Deveugle et al. (2011) in Table 3 for the SMB, with a Kv/Kh ratio of 1.  
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2. Then, we investigate the response of the grids with anisotropic facies properties. Only grids 1 (“clinoform grid”) and 3 
(“facies-honouring grid”) are suitable for these runs, since the other grids do not take facies boundaries into consideration. 
These simulations have been performed using properties for fluvial-dominated deltaic reservoir (Table 3). 
3. Finally, the clinoform grids in which mudstone barrier have been included will be tested with the same anisotropic 
facies properties to study the impact of the mudstone barriers distribution, and the need to include it in sensitivity analysis. 
 
Table 5 Summary of properties of the grids used for the quality-check of the clinoform model 
Grid Description Bounding surfaces 
Gridding 
technique 
Active 
Cells 
1 
“Clinoform grid” described in the “Numerical model 
construction” Section 
Top and base of parasequence 
Facies boundaries 
Clinoforms 
Corner-point 2.6% 
2 Cornerpoint grid using only top and base surfaces Top and base of parasequence Corner-point 29% 
3 
“Facies-honouring grid” based on Deveugle et al.’s (2011) 
interpretation of PS 1.6 
Top and base of parasequence 
Facies boundaries 
Corner-point 11% 
4 Regular 3D (Constant cell thickness) Top and base of parasequence Regular grid 3.2% 
5 Proportional (Constant number of layers) Top and base of parasequence Proportional  100% 
 
Investigated parameters: The following features were chosen to compare quantitatively the different grids, as they depict the 
major characteristics of the oil production: (1) Recovery factor, (2) Group Oil and (3) Water Production Rates, (4) BHP of each 
well, and (5) Time to water breakthrough. The final pressure states as well as the oil saturation at different times in a given 
cross section of the model were also used as qualitative visual checks of the models.  
 
Results of the grid quality check 
Figure 8 shows, as example of the simulation results, the recovery factor and the water breakthrough time calculated in all 
models, for all three steps of quality check. It appears clearly that for experiments a) and b) all results do not superimpose, 
which means that numerical errors are generated.  
These quality checks allowed the calculation of percentage of errors on various parameters investigated, by comparing 
each grid to a reference grid, considered as the most reliable grid amongst all grids tested. These results are depicted in Figure 
9. Errors quoted were measured where the divergence between the models was the greatest, which was at the end of the 
simulation for Recovery Factor and Water-Cut, and at intermediate times for BHP and rates (See Appendix B). Water 
breakthrough was measured when the water cut becomes bigger than 0.001. 
Due to this method, time-dependent parameters like oil and water group rates are quoted with the largest errors, because 
they appeared shifted in time (See Appendix B); however these errors do not depict the ability of a model to describe oil 
production, since they are adapted daily by the software to meet user-defined targets, and in practice we would not try to 
predict the rate at a given date. The results of the 2 steps of quality check and of the simulation with barriers are given below. 
1. In the uniform and isotropic simulation (Figure 8-a), all models have the same initial oil place. The results provided 
by Grid 5 (Proportional grid) can be considered as the most reliable, since this grid has no inactive cells, and follows the 
geometry of the parasequence’s top and base surfaces. This first step of quality check shows that the clinoform grid deviates 
more than any other grid, even with this simplest set of properties. This experiment also allows shows that those errors are not 
purely due to the cornerpoint gridding technique, since other cornerpoint grids (2 and 3) afford better results. The regular 3D 
grid, that has a similar percentage of active cells, does not honour the geometry and does not afford a good match with other 
results, although the grid is simple. The facies-honouring grid (Grid 3) shows a good match with Grid 5, and calculated errors 
for all the parameters are less than 1% (Figure 9-a). This grid can hence be considered as a reasonable reference for the step b) 
of the quality check. 
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Figure 8 Comparison of different grid responses 
- Recovery Factor vs. Time 
a) with uniform and isotropic properties  
b) with facies dependent properties     
c) with facies and clinoforms, as a validation of the mudstone 
barrier distribution 
This shows a match between the clinoform model and the 
models created with different gridding techniques for the 
comparison with anisotropic and uniform properties. A 
qualitatively similar match is achieved when facies and 
anisotropy is taken into account. The distribution of the mud 
barriers has a large impact on the results, the “trend 
distribution” causing lower recovery than a random 
distribution. The mud barrier coverage causes production 
profile to differ even at early times. The divergence between 
isotropic and non-isotropic simulations (red and blue) is due to 
slight difference in STOIP related to facies quality (1400000m3 
for uniform vs. 120000m3 for facies simulations). 
 
  
Figure 9 Comparison of relative errors generated for various parameters (WBK = water breakthrough) 
(a) For the QC with uniform and isotropic properties 
(b) For the QC with facies-dependent anisotropic properties 
Parameters are sorted in the order of increasing errors. Biggest errors are on rates, which are time-dependent parameters. 
 
2. In the second experiment, with facies-dependent properties and anisotropic properties, Grid 3 (facies-honouring grid) 
is used as a reference to estimate errors generated by the clinoform grid (without mudstone barrier). The performances of the 
clinoform grid are poorer than in the first step. The error on recovery factor and water cut at the end of the production time are 
both circa 3%, and the error on the date of the water break-through is 7% (Figure 9). We considered these features to be the 
most representative to describe the production, because they allow assessing the oil and water productions scaled to the pore 
volume, which gives an idea of the quality of the production. The match between the facies-honouring model (Grid 3) and the 
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clinoform model (Grid 1) is considered to be reasonable, as seen of Figure 10, which shows a similar water front shape for both 
models. The difference between both grids is due to the presence of pinched-out cells at the top of the parasequence. 
 
   
 Figure 10 Comparison of the water front after injection of 0.5 PVof water in a) facies-honouring grid and b) clinoform grid 
(Facies-dependent and anisotropic QC) The difference in the shape of the water front is mainly due to the presence of 
numerous pinched out cells towards the upper parasequence boundary in the clinoform grid. 
 
3. Results of simulations with mudstone barrier (Figure 8-c) show, as expected, that mudstone barriers lower the final 
recovery factor and modify the production profile. The impact of having 90% mudstone barriers is such that the model without 
mudstone barriers has a production profile closer to uniform models (as in step a) of the quality check) than to those with 
barriers. This confirms the need to study the impact of mudstone barriers on the clinoforms in this work. The distribution of the 
mudstone barrier (trend or random) has a major impact on the recovery factor. For the experimental design, the “trend 
distribution” will be used since it is more realistic. 
 
Difficulty of creating a consistent numerical model 
The quality check showed the clinoform grid introduces non-negligible numerical artefacts. The shape of the water front 
displayed in Figure 10 suggests pinched-out cells are responsible for these errors; this is due to the way the numerical simulator 
calculates flux. As depicted on the schematic Figure 11, pinched out cells do not have four faces as normal cells; it is then 
difficult at the scale of one cell to define vertical or horizontal flux. As shown in the example, the software would typically be 
unable to calculate a horizontal flow through the AD face (red dash line), so the horizontal flow in the main flowing direction 
would follow a tortuous pathway through the BC face (blue dash line). The vertical flow would be correctly calculated. Errors 
on Figure 10 (See zoom on Figure 12) are due to the fact that there is limited vertical flow at the top boundary of the model and 
limited horizontal flow because of pinched-out cells. 
 
 
Figure 11 Schematic explanation of 
generation of errors by pinched-out cells 
On this example, the horizontal permeability 
of the pinched-out cell would not be 
calculated properly. 
 
Figure 12 Zoom of the water front of Figure 
10 (560 m < X < 720 m) showing only some 
pinched-out cells generate errors. 
Pinched-out cells associated to the truncation 
of the grid against facies boundary do not 
generate errors because those cells are 
surrounded by other cells, so that the fluids 
can flow vertically and bypass pinched-out 
cells.  
 
Errors in our model are due to pinched-out cells at the top of the model, where no alternative flow can be used for the 
calculations in the numerical simulator. The small size of our model probably amplifies this effect. 
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Impact of heterogeneities on oil recovery 
Experimental design 
This final part of the work investigates the effects of various parameters and uncertainties on the recovery factor, in continuity 
with the study performed by Obembe et al. (2009) for wave-dominated environment. This experimental design was a two-level 
factorial design with 6 parameters; for coherence, our experimental design will investigate the same parameters and the same 
levels, as described in Tables 6 and 7. We also want to study the impact of the mudstone barriers on the clinoforms by 
including the mudstone barrier coverage as parameter G. 
 
Table 6 Factors and levels for experimental design (modified from Obembe et al. 2009) 
 Parameter name Setting 0 (low) Setting 1 (high) 
Kv/Kh ratio   pDF A 0.01 0.5 
Kh   pDF B 50 mD 500 mD 
Kv/Kh ratio   dDF C 0.0001 0.01 
Kh   dDF D 5 mD 25 mD 
Production and Injection rate E 175 sm
3
/d for 20 years 350 sm
3
/d for 10 years 
Capillary Pressure F Not included Included 
Mudstone barrier coverage G 0% 90% 
 
The full factorial design of the experiment would imply 2
8
 simulations with is not realistic given the time-frame of this 
project. Moreover, full factorial designs are not efficient, since all runs are not significant (White et al., 2003). Experimental 
design consists in applying statistical methods to select the significant sets of parameters to run and to analyse the model 
responses; this has long been applied to reservoir characterization (White et al., 2003). Experimental design is specific to the 
aim of the study; sensitivity analysis often does not require accurate response estimates on all factors, which makes two-level 
fractional designs and ANOVA a simple and efficient experimental design for this purpose (White et al., 2003). 
For consistency with the work previously done (Obembe et al. 2009), we will use the same 2
6-2
 fractional experimental 
design for parameters A to F, as described in Table 7. This makes sense because both environments are shallow-marine; as 
discussed before, petrophysical properties are of the same order of value in the corresponding facies; moreover the facies are 
characterized by important contrasts in their petrophysical properties, which reduces the impact of small-scale variations in 
petrophysical properties. To investigate parameter G, all cases will be tested on two numerical models (0% and 90% mudstone 
barrier), which makes a total of 32 simulations. 
 
Table 7 Experimental Design used for this study (Obembe et al. 2009) 
 Parameter 
 
Case 
A B C D E F Case Name 
Kv/Kh  
pDF 
Kh  pDF Kv/Kh   dDF Kh   dDF Prod/Inj rate Capillary Pressure   
1 0.01 50 mD 0.0001 5 mD 350sm
3
/d (2200 sbbl/d) Not included 000010 
2 0.5 500 mD 0.0001 5 mD 350sm3/d No included 110010 
3 0.01 500 mD 0.0001 5 mD 175sm3/d (1100 sbbl/d) Included 010001 
4 0.5 50 mD 0.0001 5 mD 175sm3/d Included 100001 
5 0.01 500 mD 0.0001 25 mD 350sm3/d Included 010111 
6 0.5 50 mD 0.0001 25 mD 350sm3/d Included 100111 
7 0.01 50 mD 0.0001 25 mD 175sm3/d Not included 000100 
8 0.5 500 mD 0.0001 25 mD 175sm3/d No included 110100 
9 0.01 50 mD 0.01 5 mD 350sm3/d Included 001011 
10 0.5 500 mD 0.01 5 mD 350sm3/d Included 111011 
11 0.01 500 mD 0.01 5 mD 175sm3/d Not included 011000 
12 0.5 50 mD 0.01 5 mD 175sm3/d No included 101000 
13 0.01 500 mD 0.01 25 mD 350sm3/d Not included 011110 
14 0.5 50 mD 0.01 25 mD 350sm3/d No included 101110 
15 0.01 50 mD 0.01 25 mD 175sm3/d Included 001101 
16 0.5 500 mD 0.01 25 mD 175sm3/d Included 111101 
Coloured backgrounds depict setting 1 (high level), while white backgrounds depict setting 0 (low level) of the parameter. 
 
Investigated parameters: For these simulations, we will only investigate the effect of heterogeneities on the final recovery 
factor, final water cut and date of water breakthrough. Recovery factor is more relevant than production, because it takes the 
scale of the model into account through its STOIP. The water cut combined with the time to water breakthrough will allow 
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estimating the importance of water production and help assessing the quality of production. 
 
Results of the experimental design simulations 
The sets of curves of Figure 13 display the recovery factor (RF) and water-cut (WC) against time for the 32 simulations. As 
expected, a 90% mudstone barrier coverage on the clinoforms has a non-negligible impact on the production profiles; models 
with 90% mudstone barrier provide in average lower recovery factor than the same models without mudstone barriers. Figure 
14 shows the group production rate of all the models tested, with and without mudstone barriers. Most of the models are not 
able to meet the defined rate targets. None of the simulations with barrier can sustain the defined rate, even before water 
breakthrough. This phenomenon is related to the well pressure controls previously defined (Table 4) and is caused by a lack of 
pressure support of producers. 
In the models with 90% mudstone barrier, RF and WC curves are clearly sorted in two groups, depending exclusively 
on the pDF horizontal permeability.  Cases with low pDF Kh are characterized by a straight-line shaped RF, with very low 
values, with a maximum of 0.13 reached after 20 years of production, and by a very late water breakthrough (around 6000 
days). Cases with high pDF Kh show a curved shape RF, with a straight line profile before water breakthrough, and reaching 
0.3 to 0.35 after 20 years of production and earlier water breakthrough (around 600 days). This depicts a water front that moves 
very slowly. 
Hence, for models with 90% mudstone barrier, the factor influencing most production is the horizontal permeability of 
the pDF facies. The influence of this parameter is also visible on models without mudstone barrier, but the sorting is less 
evident, and also influenced by the production rate. Analysis of variance will provide more detailed analysis of the sensitivity 
to each factor and to the interaction of various factors together. 
  
Legend 
 
 
  
Figure 13 Recovery Factor and Water Cut results of all simulations with 0% and 90% mudstone barrier. 
For simulations with 90% mudstone barriers, the pDF Kh is visibly the most important sorting criteria for both RF and WC, and 
hence the heterogeneity that impacts most on flow. For simulations with 0% mudstone barriers, the effect of pDF Kh is visible but 
associated with impact of production rate, and requires further investigation with statistical approach. 
 
All cases with 
high pDF Kh 
All cases with 
low pDF Kh 
All cases with 
high pDF Kh 
All cases with 
low pDF Kh 
high pDF Kh and high 
prod rate 
high pDF 
Kh and 
mostly 
high 
prod rate 
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Figure 14 Comparison of the oil 
production rate of all the models tested. 
Models with 0% mudstone barrier are 
represented in green shades and models 
with 90% mudstone barrier in pink 
shades. Simulations with no barrier can 
sustain the target until water 
breakthrough, around 2 years. None of 
the simulations with 90% barrier is 
able to sustain the plateau rate, because 
the pressure would drop below the 
BHP limit. The duration of production 
is 10 years when the rate production 
target is 350 sm3/d, and 20 years when 
the rate production target is 175 sm3/d. 
 
Statistical analysis and discussion 
The sensitivity analysis on the 32 simulations was done with analysis of variance (ANOVA) using the RELIASOFT DOE++ 
software. Three responses were studied: final recovery factor, date of water breakthrough, and final water cut. Results 
concerning the time to water breakthrough for the 90% barrier case might be less reliable, because for 4 simulations out of 32 
(all for cases with 90% mudstone barrier), the water breakthrough had not occurred at the end of the simulation and was taken 
as the date of the end of the simulation. Due to the uncertainties inherent to the modelling, a confidence level of 90% was 
taken; this means that significant effects are characterized by a probability p<0.1 in the results of the ANOVA (Appendix C). 
This corresponds to a calculated threshold t-value depending on the number of cases simulated (The more simulations 
performed, the more reliable the results). Effects with a t-value below the threshold or with a change inferior to the 
uncertainties calculated during the grid quality check are considered non-significant and will not be displayed.  
 
 
Figure 15 Pareto chart - Influence of the various 
parameters on Recovery Factor, Time to water 
breakthrough and final Water-Cut for all cases tested (0% 
and 90% mudstone barrier) 
Threshold t10-value = 1.83; non-significant effects are not 
displayed in the chart. The most important impact on 
Recovery Factor and Water-Cut are due to the percentage 
of mudstone barrier coverage. 
 
 
 
Figure 15 represents the sensitivity analysis carried out for the ensemble of 32 models (with and without mudstone barriers). 
On the chart, the low setting corresponds to 0 on the t-value axis, while the high setting corresponds to the other extremity of 
the bar; bars towards the right part of the graph hence depict a positive change in percentage (towards the left depict a negative 
change) when the parameter is modified from low to high level. 
The three responses (Recovery factor, water cut and date of water breakthrough) are not affected similarly by the 
various heterogeneities and parameters. Recovery factor can increase by up to 30% in favourable cases and decrease by up to 
60% in unfavourable cases. Generally, parameters increasing recovery factor would also increase water cut and cause the water 
breakthrough to occur earlier, because the water front would move quicker. 
The parameter that influences the production most (especially recovery factor) is the mudstone barrier coverage on the 
clinoforms (factor G); changing this setting from 0% to 90% can lower the recovery factor by 60%. Water cut is less affected, 
but can be lowered by 15%. This is coherent with the results first observed on the graphs of Figure 13, which showed very 
different production profiles for the two models. The second and third most important factors are the horizontal permeability of 
the proximal delta front, and the interaction of those two terms. Producing at high rate tends to lower recovery factor (by up to 
18%). The permeability of the dDF facies (factor D) has a minor impact on RF (10% change), while the Kv/Kh ratio of this 
facies (factor C) has no impact on production. The low impact of the dDF facies might be due to the low proportion of this 
facies in the model. Permeability anisotropy has much less impact than absolute permeability; this might be related to the fact 
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that our model is relatively horizontal, that there are no vertical barriers (the clinoform dips are less than 4
o
) and that injection 
and production wells are perforated on the whole model thickness; so water and oil flow more horizontally than vertically. 
Including capillary pressure in the simulator (factor F) has also no influence on the investigated parameters; however it is 
advisable to include it since simulations with capillary pressure often require less computing time. 
Given the very different production profiles observed, two analyses are performed separately for the 90% and 0% 
mudstone barrier cases. In practice, this is equivalent to carrying an analysis when we already know whether the studied 
reservoir is likely to present mudstone barriers.  
 
  
Figure 16 Pareto chart - Sensitivity analysis for the case 0% 
mudstone barrier. Threshold t10-value = 2.92 
Figure 17 Pareto chart - Sensitivity analysis for the case 90% 
mudstone barrier. Threshold t10-value = 2.92 
 
Figure 16 and Figure 17 above represent the sensitivities of both models. As expected from observation of the 
production profiles (Figure 13), the case with 90% mudstone barriers is very sensitive to the proximal delta front permeability 
(factor B), which causes more than 100% difference on recovery factor. This is due to the fact that barriers isolate clinothems 
from each other so that the fluid-flow tends to occur mainly within a given clinothem; the distribution chosen for the mudstone 
barriers implies that the dDF facies, which is at the toe of the clinothems, is the most affected. So the hydrocarbon flow is 
bypassed through the pDF and SMB facies. Better pDF permeability allows the water front to move quicker, increasing RF but 
also increasing Water-Cut and advancing water breakthrough. 
The second important parameter is the production and injection rate (up to 40% change in RF); lower rates favour a 
better sweep of the clinothems, whereas high rates force the water to bypass the barriers through the easiest path and tend to 
leave more unswept oil in the clinothems, as shown in Figure 18. This might be due to the fact that lower production rates 
improve the condition of equilibrium between oil and water (Dake, 1978) and increases the role of gravity forces and allows 
better sweep of each clinothem.   
 
 
Cross section  Location 
 
 
 
 
Figure 18 Representation 
of the water front in the 
presence of 90% 
mudstone barriers on the 
clinoforms after 0.4 PV 
water injection.  
a) simulation with a high 
production rate 
b) simulation with a low 
production rate 
 
Both models have high 
pDF Kh. Higher 
production rate forces the 
water to flow through the 
easiest way and leaves 
several clinothems largely 
unswept, while water 
breakthrough occurs 
earlier. 
 
 
Other studies (Jackson et al. 2009) showed that in the wave-dominated environment, water injection down depositional 
dip emphasizes the impact of the barriers to flow on the clinoforms. Up-dip injection allows water to firstly flow up dip into the 
better quality upper shoreface facies (equivalent to SMB in the fluvial dominated environment), and secondly to flow 
a 
b 
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downwards, driven by gravity forces, when it encounters holes in the mud barrier coverage; so this water sweeps part of the 
proximal and distal shoreface facies (equivalent to pDF and dDF in our model), which are bypassed when injection is down dip 
(Jackson et al. 2009). It can be expected that effects would be similar in fluvial-dominated shallow-marine reservoirs, and that 
if we were to inject down depositional dip, the effect of mudstone barriers would be more important than what we predict. 
However in the results that we obtained, this phenomenon is not visible (Figures 18 and B - 6). 
Without mudstone barriers, the water front is moving up structural dip through the different facies similarly to what is 
seen in the absence of clinoforms (Figure 10). In that case, the most important impact on production is due to production and 
injection rate, but impact on recovery factor is less important (12% difference in RF, Figure 16 Pareto chart - Sensitivity 
analysis for the case 0% mudstone barrier.Figure 16) than in the presence of mudstone barriers (38% difference in RF, Figure 
17). Since the water does not have to bypass barriers, fluid-flow takes place equally in all three facies and the permeability of 
all zones has a similar effect on recovery factor. (When permeability of pDF or dDF facies is increased, recovery factor 
increases by 10%, Figure 16). Kv/Kh ratios are found to have less impact on production, modifying recovery factor by 5% 
(Figure 16 and 17). This can be understood by the fact that the geometry of our model allows fluid to flow mostly horizontally. 
 
Summary, conclusions and suggestions for further work 
This study investigates the impact of heterogeneities in shallow-marine fluvial-dominated reservoirs on production during 
waterflooding, using a 3D model depicting a single delta lobe and honouring depositional heterogeneities. This work shows 
that when clinoforms are not associated with impermeable barriers, their impact on flow is negligible and simple layer-cake 
models honouring only the facies provide relevant predictions. However, in the presence of barriers, capturing clinoforms in 
numerical models is essential to predict recovery factor and pressure behaviour of the wells. These results are the same as 
Jackson et al.’s (2009) for wave-dominated shoreface-shelf parasequence. Models with clinoforms produced for this study 
were shown to generate non negligible numerical artefacts due to their high number of pinched out cells, which are not handled 
properly by the numerical simulator. This effect is amplified by the small size of our model (only pinched-out cells located 
immediately below the top boundary generates errors); using thicker models or testing our models on a more recent simulator, 
able to handle flow in steeply dipping cells, might provide better results. 
We focused on the impact of heterogeneities related both to the presence of mudstone barriers and to the high 
uncertainties and contrasts between the facies properties. We found that properties of the distal delta-front have little impact on 
flow, because this facies represents a small proportion in the model and remains mostly bypassed, whereas properties of the 
proximal delta-front have a major role in controlling the sweep efficiency, especially in the presence of barriers along 
clinoforms. Absolute permeability has more impact than Kv/Kh ratio because the flow is mostly horizontal. Capillary pressure 
has no impact on recovery. Low production and injection rates increase recovery factor, by allowing a better sweep of each 
clinothem, possibly because they may favour stable displacements. 
The set of simulations carried out shows major differences in the movement of the water front when models contain 
barrier-lined clinoforms. While the water front moves up structural dip through the different facies in the absence of barriers, 
the presence of mudstone barriers cause flow to occur independently in different clinothems. The barriers prevent wells having 
enough pressure support to sustain defined production rates and cause generally low recovery factor. Deposited mudstone 
isolates different clinothems from each other, and forces the fluid-flow to adopt a tortuous pathway. This amplifies the effects 
of some heterogeneities (especially permeability of the proximal delta-front facies, and injection/production rate).  
While the simplicity of our model allows conclusions for heterogeneities linked to clinoforms and facies permeability, it 
should not be forgotten that in practice the stacking pattern of multiple delta-lobes adds another scale of heterogeneity, which 
makes it difficult to model a whole reservoir. Given the time scale of the study, only a limited range of parameters and levels 
was investigated. It would be interesting to carry out the same study with a more complete range of mudstone barrier coverage 
percentage on the clinoforms to understand how those barriers impact on fluid-flow. To compare in more detail the sweep 
efficiency in fluvial-dominated and wave-dominated environments, it should be studied how clinoforms impact on recovery 
when water injection is down depositional dip, and along depositional strike. Finally, a comparison of the model’s behaviour to 
real production data would allow validation of the model and of the conclusions. 
 
Nomenclature 
PS   Parasequence  Kh Horizontal permeability  rm
3 Reservoir cubic meter  QC Quality check 
 SMB  Stream mouth bar  Kv Vertical permeability  sm
3 Surface cubic meter  RF Recovery factor 
pDF Proximal delta front  φ  Porosity  sbbl/d Surface barrel per day  WBK Water breakthrough 
dDF  Distal delta front  Pc Capillary pressure  BHP Bottom hole pressure  WC Water-Cut 
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APPENDIX A  –  CRITICAL LITTERATURE REVIEW 
MILESTONES 
Paper n
o
 Year Title Author(s) Contribution 
JPT v.30, 
p.1538-1546 
1978 Deltaic environment reservoir 
types and their characteristics 
Sneider, R. M., Tinker 
C. N., and Meckel L. 
D. 
This paper was the first to summarise 
the knowledge about fluid flow in 
deltaic sandstone reservoirs.  
SPE 24698 1992 Characterization of a Fluvial-
Dominated Delta: Zone 1 of 
the Prudhoe Bay Field 
S.H. Begg, E.R. 
Gustason, and M.W. 
Deacon, BP 
Exploration (Alaska) 
Inc. 
This paper characterizes heterogeneities 
present in a typical fluvio-deltaic 
reservoir, and suggests a method to take 
them into account in the reservoir 
characterization while building a 
numerical model. 
SPE 79676 2003 Experimental design as a 
framework for reservoir studies 
White C.D. and Royer 
S.A. 
This study applies experimental design 
methods to reduce the number of 
simulation runs required for reservoir 
studies; the work is performed for a 
turbidite reservoir located in U.S. Gulf 
of Mexico, for which the data present 
large uncertainties. 
SEPM Special 
Publication No. 
83, ISBN 1-
56576-113-8, 
p. 31–48.   
2005 Lithostratigrahy versus 
chronostratigrahy in facies 
correlations of quaternary 
deltas: application of bedding 
correlation 
Gani M.R. and. 
Bhattacharya J.P. 
This paper takes an example from the 
Cretaceous Ferron Sandstone Member, 
in central Utah, a wave-dominated 
deltaic shoreface with complicated 
internal architecture, to compare two 
facies correlation methods. 
AAPG 
Bulletin, 
AAPG Bulletin 
v.93, n°9, p 
1155 - 1181 
2009 3D modelling of a shoreface-
shelf parasequence reservoir 
analog; Part 1 Surface-based 
modeling to capture high-
resolution facies architecture 
Peter E. K. Deveugle, 
Matthew D. Jackson, 
Gary J. Hampson, 
Michael E. Farrell, 
Anthony R. Sprague, 
Jonathan Stewart, and 
Craig S. Calvert 
This study is a high-resolution, 3D 
reservoir-scale model of an outcrop 
analog from the Ferron Sandstone 
Member. 
AAPG 
Bulletin, 
AAPG Bulletin 
v.93, n°9, p 
1155 - 1181 
2009 3D modelling of a shoreface-
shelf parasequence reservoir 
analog; Part 1 Surface-based 
modeling to capture high-
resolution facies architecture 
Richard P. Sech, 
Matthew D. Jackson, 
and Gary J. Hampson 
This paper presents a method of 
reservoir modelling for shallow-marine 
reservoirs, based on high-resolution 
outcrop data set of an analog exposed 
in the Book Cliffs, Utah.  In particular, 
this article emphasizes on modelling 
clinoform surfaces and their associated 
facies and permeability architecture. 
AAPG 
Bulletin, v.93, 
no. 9, pp. 1183-
1208 
2009 3D modeling of a shoreface-
shelf parasequence reservoir 
analog: Part 2. Geologic 
controls on fluid flow and 
hydrocarbon recovery 
Matthew D. Jackson, 
Gary J. Hampson, and 
Richard P. Sech 
This paper provides an evaluation of 
the performances of wave-dominated, 
shoreface-shelf parasequences for 
production by studying the impact of 
various heterogeneities on production. 
AAPG 
Bulletin, v.94, 
no.2, pp. 139-
161 
2010 Impact of deltaic clinothems on 
reservoir performance: 
Dynamic studies of reservoir 
analogs from the Ferron 
Sandstone Member and 
Panther Tongue, Utah 
H.D. Enge and J.A. 
Howell. 
This study presents a method to model 
ancient river-dominated delta systems, 
the Panther Tongue and the Ferron 
Sandstone Member outcrops located in 
central Utah.  
EAGE; v.17; p. 
143-163 
2011 Predicting the impact of 
sedimentological heterogeneity 
on gas–oil and water–oil 
displacements: fluvio-deltaic 
Pereriv Suite Reservoir, Azeri–
Chirag–Gunashli Oilfield, 
South Caspian Basin 
Kevin Choi, Matthew 
D. Jackson, Gary J. 
Hampson, Alistair 
D.W. Jones and 
Antony D. Reynolds 
This paper identified the 
sedimentological heterogeneities and 
their influence on fluid-flow in both 
gas–oil and water–oil displacements. 
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Journal of Petroleum Technology (JPT) v. 30, p. 1538–1546 (1978) 
Deltaic environment reservoir types and their characteristics 
Authors: Sneider, R. M., Tinker C. N., and Meckel L. D. 
Contribution to the study of fluvio-deltaic environments: 
This paper was the first to summarise the knowledge about fluid flow in deltaic sandstone reservoirs. It 
classifies the deltas in two groups, depending on the forces that disperse the sediments. It then describes 
the main characteristics and heterogeneities of those rocks in relation to the grain size and sorting. 
Objective of the paper: 
This paper aims at providing a better understanding of deltaic reservoir potential, to provide a source of 
information for geologic and engineering teams. More precisely, it aims at describing: 
-  the reservoir potential of the rocks 
-  the pore space quality (porosity, permeability, and capillary pressure) 
-  the location and characterization of the barriers to fluid-flow 
Methodology used: 
This paper summarizes the geologic knowledge about delta environments. The depositional environment 
is described depending on the dispersal forces, which allows classifying deltas in two main groups: : high-
energy or sand deltas, and low-energy or mudstone deltas. 
Deltaic environment is characterized by the presence of a regressive sediment sequence building upward 
from the bottom and a distributary channel. 
Understanding the differences in the deposition of sediments depending on the dispersal forces allows 
understanding how the reservoir quality varies in different types of deltas. 
Conclusion reached: 
The original depositional setting of the delta is the parameter that controls the whole deposition of 
sediments, and grain sorting, and should be determined early in the exploration process in order to exploit 
more efficiently those reservoirs. 
Comments: 
This paper uses a simple concept, the sediments dispersing forces, to explain all the main characteristics 
of the deltaic environment in terms of reservoir rocks and barrier to fluid-flow. It does not go very 
accurately in details for all types of deltas since it aims at reaching very general conclusions.  
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SPE 24698 (1992) 
Characterization of a Fluvial-Dominated Delta: Zone 1 of the Prudhoe Bay Field 
Authors: S.H. Begg, E.R. Gustason, and M.W. Deacon, BP Exploration (Alaska) Inc. 
Contribution to the study of fluvio-deltaic environments: 
This paper characterizes heterogeneities present in a typical fluvio-deltaic reservoir, and suggests a 
method to take them into account in the reservoir characterization while building a numerical model. 
Objective of the paper: 
Providing an integrated study using core and log analysis to characterize reservoir heterogeneities and 
building a numerical model that takes into account the heterogeneities and their effect on fluid flow. 
Methodology used: 
The approach follows the following steps: 
- Detailed core description and creation of a data-base with lithological and poroperm data 
- Identification of  the major heterogeneities and of the rock attributes that controls them 
- Construction of a conceptual geologic model as an interpretation of the depositional environment 
- Numerical representations of the geologic model (object-based description of the lithotypes) 
- Gridding and upscaling of the sample values to fit the numerical grid 
Conclusion reached: 
The different lithotypes encountered are characterized by their various grain-sizes and are the major 
controls on the reservoir quality. Three lithotypes (Pro-Delta (MFA A) Model, Delta-Front (MFA B) 
Model, Channel (MFAs C and D) Models) and four facies associations (Facies Association A: Pro-delta, 
Offshore Marine, Distal Delta-Front Deposits; Facies Association B: Proximal Delta-Front and Mouth 
Bar Deposits; Facies Association C: Distributary Channel, Delta Plain, Interdistributary Bay Deposits; 
and Facies Association D: Alluvial Plain Channels, Lacustrine, Overbank Deposits) have been identified. 
Comments: 
The models that were built to represent the distribution of lithotypes are not specific to this reservoir and 
can also describe other fluvio-deltaic systems. 
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SPE 79676 (2003) 
Experimental design as a framework for reservoir studies 
Authors: White C.D. and Royer S.A. 
Contribution to the study of fluvio-deltaic environments: 
This study applies experimental design methods to reduce the number of simulation runs required for 
reservoir studies; the work is performed for a turbidite reservoir located in U.S. Gulf of Mexico, for which 
the data present large uncertainties. 
Objective of the paper: 
Applying experimental design techniques helps limiting the number of simulations to be run for reservoir 
studies by selecting relevant models, recording factors settings and controlling the experiment execution. 
In this study, it should help determining what factors control recovery, if subsea development is 
economically attractive, and if well location can be optimized, although reservoir data are uncertain. 
Methodology used: 
The sensitivity of the reservoir production to Fluid type, Well location, Absolute horizontal permeability, 
Pore compressibility, Aquifer size, Skin, Vertical permeability was examined. The process of the 
designed approach process is as follows: 1) All the factors that can have an influence on the results are 
described and classified in 3 categories: Controllable (value set by user) / Observable (measured)  / 
Uncertain (modelled from observed histogram and extrapolated). Those factors are affected different 
levels. 2) The experimental design specifies combinations of factors levels, called cases, which 
correspond to numerical simulations to be run. This part is assisted by software. 
Analysis and modelling: Production was simulated on 70 cases, to rank the factors by importance. 
Sensitivity analysis was performed using analysis of variance.  
Conclusion reached: 
Designed simulation studies enumerate the factors that impact on the system, identify sensitivities and 
provide estimates of parameters. Analysis of variance, sensitivity analysis, and response surfaces may be 
used to analyze designed simulations. The first three influential components were (1) general reservoir 
quality, (2) fluid-flow capacity, and (3) water drive.  
Comments: 
This study provides a framework and advice to carry out numerical simulations on reservoir models with 
experimental design. It suggests sensitivity analysis can be done with ANOVA.  
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SEPM Special Publication No. 83, ISBN 1-56576-113-8, p. 31–48.  (2005) 
Lithostratigrahy versus chronostratigrahy in facies correlations of quaternary deltas: application of 
bedding correlation 
Authors: Gani M.R. and. Bhattacharya J.P. 
Contribution to the study of fluvio-deltaic environments: 
This paper takes an example from the Cretaceous Ferron Sandstone Member, in central Utah, a wave-
dominated deltaic shoreface with complicated internal architecture, to compare two facies correlation 
methods: lithostratigraphy and chronostratiography.  
Objective of the paper: 
To show that delta deposits should better use chronostratigraphic bed correlation instead of “layer-cake” 
lithostratigraphy method, because they contain numerous heterogeneities, such as clinoform surfaces or 
interfingering of facies, which cause the lithostratigraphy correlation to cut across time lines. 
Methodology used: 
This paper describes the geological features present in delta-front sandstone bodies, and emphasizes on 
the complexity of intra-parasequence geometries and shapes. Clinoforms are the most important feature in 
the internal structure of deltas. High-resolution seismic provided high quality data, required together with 
well data to understand the lateral relationship of a sedimentary deposit. The correlation always 
introduces uncertainty and error depending on the correlation length. This allowed redrawing some 
published diagrams using chronostratigraphic bedding correlation. 
Conclusion reached: 
Studying modern analogs helps understanding ancient deltaic systems. Lithostratigraphy correlation, with 
solid lines between diachronous facies leads to a description of the delta architecture that might be too 
simplified. In particular, it doesn’t allow depicting clinoform deposits, common in deltaic environment. 
Lithofacies and bedding should follow time lines rather than building a “layer-cake” model. The 
chronostratigraphic bedding correlation may depict more accurately the internal geometry of deltas, 
which would probably give better results in predicting reservoir and aquifer behaviour. 
Comments: 
This article acknowledges the importance of clinoforms in the internal structure of deltaic deposits.   
22                Impact of heterogeneity on hydrocarbon recovery in fluvial-dominated shallow-marine reservoirs 
 
AAPG Bulletin, AAPG Bulletin v.93, n°9, p 1155 - 1181 (2009) 
3D modelling of a shoreface-shelf parasequence reservoir analog; Part 1 Surface-based modeling to 
capture high-resolution facies architecture 
Authors: Richard P. Sech, Matthew D. Jackson, and Gary J. Hampson 
Contribution to the study of fluvio-deltaic environments:  
This paper presents a method of reservoir modelling for shallow-marine reservoirs, based on high-
resolution outcrop data set of an analog exposed in the Book Cliffs, Utah.  In particular, this article 
emphasizes on modelling clinoform surfaces and their associated facies and permeability architecture. 
Objective of the paper: 
To present a new surface-based modeling procedure that enables representing heterogeneities of a 
shoreface-shelf parasequence across a hierarchy of length scales, using high-resolution geologic data sets. 
The model to be built must be suitable for use in a fluid-flow simulator. 
Methodology used: 
The model describes a parasequence belonging to the Kenilworth Member of the Cretaceous Blackhawk 
Formation. Heterogeneities linked to shoreface-shelf clinoforms, paleogeographic changes in shoreline 
orientation, and storm-event-bed amalgamation were identified to control facies architecture. This subtle 
geometry was honoured by the hierarchical surface-based modelling. The first step consists in 
representing surfaces to depict the complex facies-body geometries and distributions. Afterwards 
cornerpoint gridding is used to generate the grid architecture based on the modelled surfaces, which 
honours the complex geometry.  
Conclusion reached: 
Surface modeling is geologically intuitive, quick to build and easy to manipulate and improve the 
efficiency of reservoir modeling. Cornerpoint gridding allows honouring the surfaces and the complex 
geometry and allows avoiding upscaling for flow simulations. The approach presented allowed honouring 
subtle geometric features, which are not represented accurately by conventional stochastic reservoir 
modeling algorithms. 
Comments: 
This paper describes more the construction of the reservoir modelling which corresponds to the first part 
of the work performed in this study; it emphasizes the need for quality-control check of the cornerpoint 
grid for flow simulation.  
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AAPG Bulletin, v. 93, no. 9 (September 2009), pp. 1183–1208 
3D modeling of a shoreface-shelf parasequence reservoir analog: Part 2. Geologic controls on fluid-flow 
and hydrocarbon recovery 
Authors: Matthew D. Jackson, Gary J. Hampson, and Richard P. Sech 
Contribution to the study of fluvio-deltaic environments:  
This paper provides an evaluation of the performances of wave-dominated, shoreface-shelf parasequences 
for production by studying the impact of various heterogeneities on production. 
Objective of the paper: 
The paper investigates the impact of depositional and diagenetic heterogeneity and of the presence of 
clinoforms surfaces on fluid-flow and recovery during water flooding. 
Methodology used: 
This study consists in performing various flow simulation on a model constructed from outcrop data in 
the companion paper (Sech et al. 2009). 
Conclusion reached: 
They show the oil in place volume is sensitive to variations in facies thickness associated with 
interfingering along clinoforms.  Barriers to fluid-flow along clinoform surfaces (calcite cementation, 
mudstone s and siltstones) have a major impact on waterflood sweep efficiency. 
Water flooding down depositional dip lowers sweep efficiency, because the toe of the clinoforms are 
bypassed and left unswept by the water that fluid flows preferentially through better-quality facies 
towards the top of the parasequence. Up depositional dip water flooding improves the sweep efficiency 
because the downward fluid-flow of water, helped by gravity forces, allows sweeping poorer quality 
facies towards the lower part of the clinoforms. 
Comments: 
The part of this work about sensitivities of sweep efficiency in wave-dominated, shoreface-shelf 
parasequences is similar to the one we aim at providing for fluvial-dominated shallow-marine reservoirs. 
Although the two environments are slightly different, they present similar characteristics (similar facies 
types, presence of numerous heterogeneities, such as clinoforms, and important contrast between the 
different facies). 
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AAPG Bulletin, v. 94, no. 2, pp. 139–161 (February 2010) 
Impact of deltaic clinothems on reservoir performance: Dynamic studies of reservoir analogs from the 
Ferron Sandstone Member and Panther Tongue, Utah 
Authors: H.D. Enge and J.A. Howell 
Contribution to the study of fluvio-deltaic environments: 
This study presents a method to model ancient river-dominated delta systems, the Panther Tongue and the 
Ferron Sandstone Member outcrops located in central Utah. The study focuses on how to model 
clinoforms and clinothems surfaces, and on the impact on fluid-flow of those structures in the presence of 
mudstone barriers. 
Objective of the paper: 
The main purpose of this study is to understand how continuation of the heterogeneities and mudstone 
barrier permeability values governed the production rate and recovery factor in models. 
The study focuses on precisely recreating their clinothem and clinoform geometries in a geocellular 
reservoir modelling software to be able to understand their effects on simulated fluid fluid-flow.  
Methodology used: 
This study uses the technique of groundbased laser scanning (LIDAR) to collect highly accurate data of 
the Panther Tongue and of the Ferron Sandstone Member outcrops. This allowed recreating the clinoform 
and clinothem architecture in a reservoir modelling software. This allowed analyzing dynamically a part 
of both deltaic systems; production was simulated in 41 models, using the techniques of experimental 
design, to test a range of mudstone barrier continuities and permeabilities. 
Conclusion reached: 
The Ferron Sandstone models results showed that the mudstone permeability values have major impact on 
the production rates and on the recovery factor, with results being very widespread, even if the mudstone 
is in volume a very small part of the whole reservoir. The Panther Tongue models showed the percentage 
of holes in the mudstone layers has a small effect on recovery factor, but impact more on the production 
rate. Those models were able to maintain high production rates for longer than the Ferron Sandstone 
models.  
Comments: 
This article emphasizes on clinoforms and on how to model them. The result that thicker barriers enhance 
recovery is much unexpected, and was understood as causing a more efficient fluid-flow pattern through 
the holes. This result would need to be double checked to make sure it is not due to simulator artefacts.  
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EAGE/Geological Society of London, Petroleum Geoscience 2011; v. 17; p. 143-163 (May 2011) 
Predicting the impact of sedimentological heterogeneity on gas–oil and water–oil displacements: fluvio-
deltaic Pereriv Suite Reservoir, Azeri–Chirag–Gunashli Oilfield, South Caspian Basin 
Authors: Kevin Choi, Matthew D. Jackson, Gary J. Hampson, Alistair D.W. Jones and Antony D. 
Reynolds 
Contribution to the study of fluvio-deltaic environments: 
This paper identified the sedimentological heterogeneities and their influence fluid-flow in both gas–oil 
and water–oil displacements. 
Objective of the paper: 
This paper studies the impact of heterogeneities in channel-dominated, fluvio-deltaic environment for oil-
water and gas-oil displacements. The field studied is the Pereriv Suite reservoir in the Azeri–Chirag–
Gunashli (ACG) Oilfield offshore Azerbaijan. 
Methodology used: 
This work constructs a model using high-resolution models derived from outcrop analogue and 
subsurface data. Ten sedimentological heterogeneities were selected to be investigated: Lateral variation 
of NTG ratio within Pereriv C layer, Interlayer connectivity, Channel sinuosity, Channel stacking, 
Channel dimensions, Channel orientation, Internal layering within high NTG layers, Mudstone clast lags 
at channel bases, Vertical trends in grain size and permeability within channelfill sandbodies, 
Permeability anisotropy of channel-fill sandbodies. Experimental design techniques (2-level fractional 
design) and analysis of variance were applied during the study. 
Conclusion reached: 
Four key sedimentological heterogeneities control production in oil–water and gas-oil displacements: 
local variations in NTG within low NTG (<55%) layers; the degree of communication between low NTG 
layers and adjacent high NTG (>85%) layers; sinuosity and stacking pattern of channel-fill sandbodies in 
low NTG layers. Gas-oil displacements are also controlled by vertical-to-horizontal permeability ratio of 
channel-fill sandbodies and by the presence of mudstone clast lags at the base of the channels. 
Comments: 
This paper investigates heterogeneities at a larger scale than the one we work on in our study; channel-fill 
sandbodies are the smallest components considered in this study. Moreover the environment is not the 
same than the one we work on.  
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AAPG Bulletin, v. 95, no. 5, pp. 693–727 (May 2011) 
Characterization of stratigraphic architecture and its impact on fluid-flow in a fluvial-dominated deltaic 
reservoir analog: Upper Cretaceous Ferron Sandstone Member, Utah 
Authors: Peter E. K. Deveugle, Matthew D. Jackson, Gary J. Hampson, Michael E. Farrell, Anthony R. 
Sprague, Jonathan Stewart, and Craig S. Calvert 
Contribution to the study of fluvio-deltaic environments: 
This study is a high-resolution, 3D reservoir-scale model of an outcrop analog from the Ferron Sandstone 
Member. It models 2 parasequence sets (delta complexes), each with several delta lobes, of various 
dimensions and orientations. It provides a reservoir model at the scale of parasequences, delta lobes, and 
facies-association belts and studies the impact of heterogeneities in stratigraphic architecture on sweep. 
Objective of the paper: 
to capture stratigraphic architecture at delta-lobe scale; to investigate the dimensions and the spatial 
organization of the delta lobes; to summarize their facies properties and to identify some of the main 
heterogeneities of the delta-lobe architecture that impact on fluid-flow and hydrocarbon recovery. 
Methodology used: 
The stratigraphic architecture was captured in a high resolution 3D model, using outcrop data captured in 
a U.S. Geological Survey (DEM) and data collected on the outcrop with a global positioning system. 
Literature review allowed synthesizing the facies-association scheme and providing average properties for 
the model. The numerical model was built following a hybrid of surface-based modelling and cornerpoint 
gridding technique to honour the facies. The quality of the model was checked by comparing its 
architecture and facies distribution to the outcrop data set. Production during waterflooding was then 
simulated along short and long axis of the model and with various stratigraphic parameters. 
Conclusion reached: 
4 parameters control sweep efficiency: the continuity, orientation, and permeability character of channel-
fill sand bodies; the vertical permeability of heterolithic distal delta-front deposits; the direction of sweep 
relative to the orientation of channel-fill and delta-lobe sand bodies; and well spacing. The two first are 
related to the stratigraphic architecture of the deposits, and control the connectivity of sandbodies. 
Comments: 
We based our modelling on this work, but adding clinoform surfaces. This article indeed neglects small-
scale heterogeneities to focus on the impact of stratigraphic architecture on sweep.  
                 Impact of heterogeneity on hydrocarbon recovery in fluvial-dominated shallow-marine reservoirs             27  
 
 
  
APPENDIX B – RESULTS OF GRID QUALITY CHECK SIMULATIONS 
B-1 Results of the uniform and isotropic quality check 
a) Oil in place 
 
b) Group Production rates 
 
c) Cumulative production of Oil and Water of well 
P2 
 
d) Bottom Hole Pressure of producing well P6 
 
e) Bottom Hole Pressure of injecting well I1 
 
Figure B - 1 Comparison of the behaviours of the 5 models 
a) Oil in place 
b) Group Production rates 
c) Cumulative production of Oil and Water of well P2 
d) Bottom Hole Pressure of producing well P6 
e) Bottom Hole Pressure of injecting well I1 
 
It can be noticed that all models have same STOIP, but 
production differs. The red arrows show the maximal difference 
between Models 1 (clinoform) and 5 (proportional), which 
allowed assessing the accuracy of the clinoform grid. Maximal 
errors are for rates. 
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The red arrow represents the largest difference between the responses of Grids 1 and Grid 5 (considered 
as the most reliable grid). This difference was taken to provide estimates of the uncertainties generated by 
the numerical errors. We can notice that for the oil and water production rates, there is no difference until 
water breakthrough, then the difference increases and decreases towards the end of the simulation. This is 
probably due to the behaviour of the numerical simulator that adapts the timesteps. The quantities that are 
specific to each well are also subject to high errors, because the targets are defined for the groups of 6 
producers and 4 injectors, respectively. So a difference in the oil initially in place impacts on the 
production of one well, and then affects all the other wells, that compensate for this lack of production. 
Grid 1 
 
Grid 2 
 
Grid 3 
 
Grid 4 
 
Grid 5 
 
Figure B - 2 Cross-sections of the model showing oil 
saturation after injection of 1 PV of water for the 5 grids 
tested in uniform and isotropic quality check.  
All cross–sections given are done as represented in the place 
view shown in Figures 10 and 18. Producers are  located on 
the right and injectors on the left. The figure shows 
different shapes of the water-front, due to numerical 
artefacts generated by the shape of the grids. Considering 
Grid 5 (Proportional Grid) is the most reliable, then Grids 2 
and 3 (Cornerpoint without and with facies boundaries) 
provide accurate results. Grid 4 (Regular) shows a different 
water front, and Grid 1 also presents a different water 
front, due to errors generated by pinched out cells of the top 
boundary.  
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B-2 Results of the quality check with anisotropic facies and validation of the mudstone barrier distribution 
As explained in the main body of this report, the second part of the quality check of the clinoform grid 
consisted in the comparison of Grids 1 and 3. In a third part, we studied the influence of mud barriers 
implemented in Grid 1. Since both these quality checks are performed with anisotropic facies properties, 
the production results are displayed together in the sets of curves below. It represents some features 
describing production for the model with facies, clinoforms, 90% random barrier, the model with facies, 
clinoforms and 0% barrier, and the model with facies and no clinoforms are also displayed for 
comparison. Those two last are supposed to be identical but differ because of numerical errors generated 
by the clinoforms grid, which allowed estimating the errors generated by the clinoform grid. 
 
 
  
Figure B - 3 Comparison of Field cumulative oil production, Field oil and water production rates, BHP of one injector and  BHP of 
one producer for models with clinoform and no barrier, clinoform and 90% barrier and model without clinoform. 
The production results in Figure B - 3  show important noise on the rates and BHP for the distribution 
with 90% barriers; this suggests this model might not give very accurate results, especially because the 
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wells are submitted to a BHP control (50 bars is the minimal authorized BHP), so the peaks of noise 
dropping under this limit might cause errors in the calculation of the well production. However the overall 
shapes of the curves are coherent with profiles. Model with 90% barriers is characterized by lower 
cumulative production, and lower rates, unable to meet the 350 sm3/d target, even before water 
breakthrough. The lack of pressure support at the producers is illustrated by the BHP shown for producer 
P1, that is very close to the fixed 50 bars limit (if noise is not taken into account). The BHP pressure at 
the injectors, for instance I1, is very high and close to the 200 bars limit. This shows the barriers modify 
the flow and require more pressure for the fluids to flow through the formation. Figure B - 4 shows the 
cemented layers on the clinoforms isolate clinothems from each other and leave unswept zones with oil 
trapped. 
 
Figure B - 4 Cross-section of the model with 90% barriers showing oil saturation after 0.8 PV of water injected 
This cross-section is traced at the same location than depicted in Figures 10 and 17. 
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APPENDIX C – RESULTS OF THE STUDY OF HETEROGENEITIES - ANOVA 
In the main part of the report, when heterogeneities have a probability less than 10% to impact on the 
studied parameters (Recovery factor, time to water breakthrough and final Water Cut), or with an effect 
less than the calculated uncertainties, they were not displayed in the graphs. The table above shows the 
percentage of change caused by those factors on Recovery factor, water breakthrough date and Water Cut.  
 
 End Recovery Factor   Date of water breakthrough Final Water-Cut 
Term Effect (% RF) Probability Effect (days) Probability Effect (% WC) Probability 
A:A (Kv/Kh pDF) 0.0156 0.0026 304.125 8.87E-05 -0.0475 0.1441 
B:B (Kh pDF) 0.1256 2.08E-11 -2707.5 2.12E-10 0.4797 1.87E-08 
C:C (Kv/Kh dDF) 0.0094 0.038 42.4375 0.1526 -0.0098 0.7515 
D:D (Kh dDF) 0.0394 1.54E-06 174.125 0.0018 -0.0101 0.7435 
E:E (Prod and Inj rates) -0.0619 2.16E-08 -325 6.08E-05 -0.0904 0.013 
F:F (Capillary pressure included) 0.0019 0.643 54.2188 0.0814 -0.0345 0.277 
G:G (mud barrier coverage) -0.2356 3.97E-14 1928.625 1.62E-09 -0.411 8.28E-08 
AB -0.0019 0.643 -217.75 0.0006 0.049 0.1331 
AC 0.0044 0.2909 4.6562 0.8633 0.0398 0.2135 
AD -0.0181 0.001 56.625 0.1348 -0.0132 0.669 
AE 0.0081 0.0652 150.5 0.0037 -0.0015 0.9614 
AF 0.0044 0.2909 -12.0625 0.658 0.0063 0.8368 
AG -0.0081 0.0652 -107.375 0.0169 0.0403 0.2087 
BG 0.0744 3.62E-09 -2359 4.85E-10 0.2835 2.65E-06 
CD 0.0006 0.8766 8.4062 0.7567 0.0023 0.9402 
CE -0.0031 0.4442 39.8125 0.1754 -0.0403 0.2081 
CG -0.0069 0.1102 -0.8125 0.976 8.52E-05 0.9978 
DG -0.0169 0.0016 189.625 0.0012 0.0207 0.5054 
ADG 0.0331 7.32E-06 -356.625 3.58E-05 0.0441 0.1723 
BDG 0.0206 0.0004 -186.25 0.0013 -0.0253 0.4185 
CDG -0.0006 0.8766 -22.5938 0.4168 -0.0003 0.9917 
Table C - 1 Ensemble of effects and probability of the various investigated heterogeneities, and of their interactions. 
       The probability given corresponds to the probability to have no impact. 
 
This table shows the effect each parameter cause in average to each of the three responses, and with what 
probability. Insignificant probabilities and effects are highlighted in red.  
